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Abstract
I apply the theory of polar and apolar intermolecular interactions to predict the
behavior of combinations of common battery materials, specifically the cathode sub-
strate lithium cobalt oxide (LCO) and the polymer separator poly(ethylene oxide).
These predictions were first tested qualitatively using hexane and PTFE, which have
well-established surface energies, and then by measuring the contact angles of PEO
on LCO in hexane and hexadecane, chosen for their immiscibility in PEO. For bet-
ter comparison, these experiments were repeated using water instead of PEO, for
a total of four systems tested. This data allowed an estimate for the experimen-
tal surface energy components of LCO to be derived, resulting in 18.3 ± 1 mJ/m2
for 7LW , 0.22 ± 0.02 mJ/m2 for y+, and 5.8 ± 1.6 mJ/m2 for 7•, compared to the
previously reported values of 40.8 mJ/m2 for 7LW, 0.0008 mJ/m2 for -y+, and 0.21
mJ/m2 for 7-. This variation is probably due to a variety of factors, including instru-
mental uncertainty in the contact angle measurement, a difference in contact angle
measurement procedure, and inevitable contamination by water and other materials.
Using this new data, self-assembling electrolyte-cathode systems are predicted, like
LCO-polyacrylonitrile-chloroform.
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Chapter 1
Introduction
1.1 The Quest for Lithium Ion Cell Microbatteries
Batteries are a ubiquitous part of modern life, providing power for cell phones, laptops,
automobiles, and other consumer devices. Since their origins as Volta's simple voltaic
pile, batteries have developed in a variety of directions, optimizing for maximum
output current, long lifetime, rechargeability, durability, and other desired properties.
One electrochemical system that has attracted a great deal of interest and commercial
success in recent decades is based on lithium, taking advantage of its light weight
and electrochemical potential to produce batteries with relatively high open-circuit
voltages (3-4.5 V compared to 1.2 V for standard NiCd cells [10]) and good recharge
properties.
A great deal of current technological innovation is occurring in the field of mi-
croelectromechanical systems (MEMS), which uses microfabrication techniques to
produce structures with dimensions on the order of a micron. Popular applications of
MEMS include capacitative sensors to measure acceleration and pressure, as well as
gyroscopes and other integrated systems. To allow MEMS devices to be deployed on
their own, however, instead of as part of a larger circuit, an equally tiny power supply
is necessary [14]. The high energy density of lithium ion cell batteries makes them an
appealing candidate for this purpose. But fabrication of a lithium ion microbattery,
as the Chiang research group at MIT is investigating, requires the solution of several
Al
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Figure 1-1: To maximize active surface area in a microbattery, 3-dimensional struc-
tures are machined into the bottom electrode. The cell is completed by the addition
of a conformal electrolyte layer and the top electrode.
challenges. As batteries shrink, more volume proportionally must be taken up by
packaging material, rather than active material, thus encouraging interpenetrating,
micromachined electrodes like those shown in Figure 1-1 to maximize surface area per
volume [12]. This complex structure, combined with the extremely small length scales,
suggests that top-down microfabrication [15, 7] may be less effective than bottom-up
techniques, which exploit the materials' intrinsic properties for self-assembly [20].
1.2 Procedure
The theory of surface forces is the obvious conceptual basis for understanding the
self-assembly of material, a battery separator in this application, into an even, con-
formal layer on a micromachined substrate. Such a layer can be constructed using
the phenomenon of perfect wetting, in which a liquid-solid interface is so energeti-
cally favorable that the liquid spreads across the solid until it encounters a barrier
or has formed a monolayer [1]. The criteria for one material wetting another can be
quantified in terms of contact angles, which can be predicted for any combination of
materials using their surface energy components. This work seeks to compare these
predictions for systems of common battery materials with experimental results, to
quantify how well this theory can be used to predict the behavior of other systems of
interest, especially ones involving other battery materials. The experimental systems
under consideration were chosen primarily for ease of gathering contact angle data.
This data was then used to verify the surface energy of the electrode substrate lithium
cobalt oxide, to aid in future battery assembly process development. An outline of
this procedure is shown in Figure 1-2.
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Figure 1-2: The conceptual structure of this research. Interfacial interaction theory is
used to predict the behavior of systems, which is then tested, used to derive specific
materials properties, which will be input into the theory to produce better predictions
for making effective self-assembling batteries.
Chapter 2
Theory [9, 18]
An understanding of the molecular interactions that govern wetting is key to designing
a materials system that will self-assemble a separator layer on an electrode substrate.
The phenomenon of self-assembly in a multi-component system relies on the surface
energy of the materials involved. Surface energy, like temperature or density, is a
macroscale manifestation of interactions that occur at the molecular scale. In solids,
it is defined as the energy dE required to cleave the atomic bonds and produce a unit
of solid surface area dA. In liquids it may be more easily understood by imagining a
film in a frame being stretched by a length dx; the tension opposing this stretching
corresponds to the surface energy, though it is usually referred to as surface tension.
The units of surface energy are thus mJ/m2 or mN/m, with most materials ranging
between 20 and 50 mJ/m2 . Understanding these intermolecular interactions, quan-
tifying their effects, and combining them in order to produce a complete theory of
interfacial interactions is quite useful to engineering the behavior of multi-component
materials systems.
2.1 Interfacial Forces
The electromagnetic interactions that contribute to a material's overall surface energy
can be classified by the types of molecules involved. The most familiar, of course, is
the Coulombic potential that exists between two particles with charges zle and z2e
in a medium with dielectric constant c,
Vc(r) = Z 2e (2.1)47reoer
In systems without charged particles, like those discussed in this work, other inter-
actions, especially those between polar and induced dipolar molecules, are dominant.
Generally grouped together as the van der Waals interactions, these consist of
1. The orientation-averaged energy of two permanent dipoles ul and u2 , known as
the Keesom or orientation interaction:
2 2
V. (r) 1 2 (2.2)V(r) =3kT(47rEoC)2r6
2. The energy between two permanent dipoles of polarizabilities a, and a2 which
create mutual induced dipoles, known as the Debye or induction interaction:
2 2
V (r) = u1a 2 + U206 (2.3)(47roe) 2r6
3. The energy between a random instantaneous dipole, created by quantum fluc-
tuations of frequency vj, and a random dipoles it induces with frequency v2 ,
known as the London or dispersion interaction:
30a1a2h~ V12
Vd = - 3 2hvv(2.4)2(vi + v2)(4rEoE)2r6
The dispersion forces are, again, of most interest because they occur in all materials,
even nonpolar ones, while the first two are limited to polar materials. Regardless of
exactly which interactions are present in a given situation, these three components
operate independently of each other and so can be added to create an overall potential
vdw = Vo + V + Vd [6].
To generalize these potentials between pairs of interacting molecules to describe
the free energy of a block of material, the contributions from all molecules in the block
must be taken into account. For convenience, the resulting overall free energy G(r) is
usually expressed as the product of a constant that expresses the general strength of
the interaction, and a purely geometric factor to account for the spatial arrangement
of the interacting particles. This interaction strength constant A was first addressed
in 1937 by Hamaker [8], who used pairwise additivity to derive, for a van der Waals
potential Vdw(r) of the general form -C/r 6 between two molecules in materials with
number density pl and p2,
A = C7r 2p1P2  (2.5)
Unfortunately, this simplifying assumption is somewhat invalid, as van der Waals
forces are not pairwise additive; for example, a dipole produces an electric field that
polarizes another molecule, which then creates its own field, so a third molecule sees
both the first dipole's field and the second molecule's induced field. To account for this
complicated nonlinear effect, various approaches have been taken. The most rigorous
is based on Lifshitz's theory of condensed matter interaction, which applies fluctuation
theory to the Maxwell's equations describing the system components. Using this
approach, Asi can be defined in terms of the material's dielectric susceptibility, which
varies with frequency; this is only useful if the dielectric susceptibility is known over
a range of frequencies, of course, but approximations can sometimes be made for
low temperatures where the primary frequencies are in the microwave, infrared, and
ultraviolet ranges.
The Hamaker constant, however, cannot be directly measured, so it is useful to
have expressions relating it to other materials properties, specifically surface energy.
For example, plugging in the geometric factor that describes two semi-infinite surfaces
separated by a distance r yields an expression for the free energy of the system,
A l 1 1G 127r (r 2  )  (2.6)
where the first term comes from the broken bonds at the two surfaces, and the second
from the interaction between atoms in one medium with those in the other. Here,
r0 is the distance at which the interfaces are "in contact" via the van der Waals
interactions. Because this derivation involves approximating the surfaces as smooth
beyond the atomic level, r0 is not actually equal to the interatomic spacing a, as
might be expected. To determine r0 , take r to be oo, so that the only contribution is
from the Lifshitz-van der Waals surface energy 7 LW, which contains all three surface
energy components as noted above. Then the total energy is by definition twice the
surface energy, so
7LW A
7 24L eqn: eq2 (2.7)247rro
Experimental verification of surface energies for materials whose Hamaker constants
can be computed from permittivity and spectroscopic data has shown r0 is 1.57+.09 A
for pretty much all but the most polar hydrogen-bonded materials, like water. For
less polar liquids, however, this value produces surface energies that differ from the
experimental results by about as much as the uncertainty in A, 10% to 20%.
2.2 Acid-Base Interactions [4]
Van der Waals interactions are not the only intermolecular interactions of interest
between polar materials. These substances can also be characterized by their tendency
to donate or accept protons or, conversely, accept or donate electrons. The surface
energy components for these behaviors is denoted by y+, for proton donation/electron
acceptance, and 7-y, for electron donation/proton acceptance. Polar materials may
be classified as bipolar, if they have appreciably high y7+ and 7- components, or
monopolar, if one component is negligible. Together these components comprise the
polar contribution to a material's surface energy -yAB (see next section), in contrast
to the apolar 7L W contribution.
2.3 Notation and Combining Rules
The definitions presented above have been made in the most general of forms for
clarity; to describe the behavior of multi-component systems, additional notation is
useful. For a single material i, the surface energy "yLW is half the free energy GLW
of that material in a vacuum and proportional to ALW, as described in equations??
and ??. For a material i interacting with a material j in vacuum, the surface energy
is given by the relation:
~1~ = yL - yLW) 2 = YiLW + yfw~ - 2 Wy LW (2.8)
Using the Dupre equation, which holds for any sort of interaction,
Gj = y - 7 - 7j (2.9)
we find the free energy GLW is -2 ?iLW L W . For systems with three components (i
and j immersed in k), the free energy GLW is given by
GLW = LW LW _ LW (2.10)
ikj iij tk ^/jk
which simplifies to the previous relations if k represents vacuum. Since A is propor-
tional to GLW, these definitions are easily adapted to give expressions for A LW and
ALwikj .
The polar surface energy -AB is a bit trickier to define, since it is not strictly
additive like the components of the apolar energy. Molecules with a Y+ or /- com-
ponent only interact with the opposite component, leading to a doubly asymmetric
expression for the interaction between two materials i and j (Fowkes 1983):
GB = -2( - +) (2.11)
which, combined with the definition of y as half the free energy, gives
PYA B= 2 p u+r2- (2.12)
Plugging these two expressions into the Dupr equation (2.9) and rearranging to solve
for B, we find that
B +'B A2( AB ýy+y2±y+ 'yyjj73 - VyyT½±). (2.13)
_4• =: G%3 + •t + =2-(
which can also be expressed in a similar manner to WW, for comparison:
4 = 2(y+ - -y+)(-y-y3-) (2.14)
.YLW = LW LW12
(2.15)
Comparing these equations, it is readily apparent that the apolar contribution can
only be greater than or equal to zero, but the polar component may also be negative.
Further expressions may also be defined by analogy; GAB is similar to GkLW
GAk B  AB AB AB (2.16)
= • 2(-Yk( y+ Y- 'Y)+ Y( Y+ - Y)
(2.17)
and so on.
The total surface energy, therefore, is the sum of these two independent contri-
butions, T7AB and 7 LW, based on molecular interactions. Similarly, the free energy
Gikj is comprised of two factors, corresponding to the polar and apolar interactions.
The implications of this combination on the spontaneous ordering of multi-component
systems will be considered below.
2.4 Wetting
Wetting is one example of a macroscopic phenomenon that arises from intermolecu-
lar interactions and therefore can be described using surface energy and its related
Figure 2-1: The contact angle formed between a liquid and a surface depends on the
balance of the surface energies at the point of contact. Nonwetting materials exhibit
high contact angles, while near-zero contact angles correspond to effective wetting.
quantities. In this case, the interaction is between a solid surface and a liquid drop
which will spread over the surface until the force encouraging it to spread is balanced
by those keeping the drop together [1]. This equilibrium, illustrated in the first drop
in Figure 2-1 for the case of k being a vacuum, is described by the Young equation,
ij = 7ik - 7jk cos 0 (2.18)
where, as before, materials i and j are interacting in a medium k. The angle 0 is
the contact angle formed between the tangent to the drop where it meets the surface
and the surface itself. Thus substrate-phobic liquids will exhibit high contact angles,
generally greater than 90 degrees, while wetting may be defined as contact angles
either below 90 degrees or, more stringently, zero degrees. These different situations
are illustrated in Figure 2-1. Young's equation can be combined with the Dupr6
equation (2.9) to relate surface energy, free energy, and contact angles by the relation
-Gikj 7Yjk(1 + cos 0c) = -(GiLW + G ) (2.19)
In a three-component system, then, the spontaneous behavior of substrate i and
material j in the presence of material k can be predicted using the sign of the system's
Figure 2-2: A unit cell of lithium cobalt oxide. The oxygen (dark gray) forms a
face-centered cubic lattice, with alternate layers of lithium (black) and cobalt (light
gray) occupying half the tetrahedral sites.
free energy change Gikj, which is positive for repulsive combinations and negative
for attractive combinations. The free energy is composed of an apolar and polar
contribution, whose behavior can be determined by the relative magnitudes of the
various surface tension components. G"k, for example, is only positive, i.e. i and j are
repulsed, when their surface energies rise or fall monotonically: - W < YLW < LW
or 7yw > -w/ > yw. The analysis for GiAB is less straightforward, of course, but it
can be shown to be generally positive when ( y + F-j) > 2 ~ and --7 and y-
are very small, or vice versa [2].
2.5 Lithium Ion Cell Basics
In lithium ion batteries, the mobile charge carriers are Li + ions, instead of electrons.
As the battery discharges, these travel from the anode, which may be pure Li metal
or an intercalation electrode like graphite, and the cathode, which is usually a Li-
containing ceramic with a structure that easily allows the removal and addition of
lithium; charging the battery pulls the lithium back out of the ceramic. One of the
most popular current cathodes is lithium cobalt oxide, LiCoO2 or LCO, which has a
modified zincblende structure, as shown in Figure 2-2: oxygen forms an FCC lattice in
which a quarter of the tetrahedral sites are occupied by lithium and another quarter
by cobalt. This creates alternating layers of O-Li-O-Co-O, creating planes through
the crystal which are highly favorable for Li motion. The corresponding chemical
reaction is
LiCoO2 + Li -ý Lil-xCoO2 + Lil+x (2.20)
The requirements [?] for the separator, then, are that it be ionically permeable
but electronically impermeable, to allow Li+ to pass without shorting. In addition, it
should have good chemical resistance to lithium across the operating voltage (0 to 3-4
V) and be mechanically robust, since LCO can be weakened by excessive (x > 0.5)
delithiation. To prevent uneven discharge, the electrolyte should be deposited as
uniformly as possible on the substrate, without pinholes. One of the first materi-
als shown to function as an electrolyte was poly(ethylene oxide), or PEO, especially
when doped with alkali metals to improve its ionic conductivity [5]. An example of
the general class of solid polymer electrolytes [17], PEO has a semi-crystalline struc-
ture that allows for the selective quick passage of ions. The other major category
of lithium battery electrolytes is polymer gels, which are processed with a mix of
ethylene and polypropylene carbonate to plasticize them; these are obviously less
physically robust than solid electrolytes, but they often exhibit greater ionic conduc-
tivity than PEO at room temperature in return. Other common polymers used as
lithium battery electrolytes include poly(methyl methacrylate) (PMMA), polyacry-
lonitrile, poly(vinylidene fluoride) (PVDF), and polystyrene.

Chapter 3
Experiments and Analysis
3.1 Experimental Procedure
Based on the surface energy criteria for self-assembled systems, as described in Section
2.4, the behavior of various combinations of common battery materials were predicted,
then tested to see if the predicted wetting behavior was indeed observed. LCO was the
obvious choice of substrate, as the lithium ion cell cathode of choice; PTFE (Teflon)
was also used as a substrate, for its extremely low and well-studied surface energy.
Poly(ethylene oxide) (MW 300), or PEO, was the polymer used, chosen because of
its prominence as a common polymer electrolyte material and its availability as a
liquid at room temperature. Its polar nature, however, limited the choice of the third
component to extremely non-polar liquids, to prevent the PEO from dissolving and
making contact angle measurement impossible; to maximize the observed differences
in behavior, hexane and hexadecane were chosen as having the widest variation in
surface energies. To compare the behavior of PEO with a less strongly monopolar
material, some trials were also conducted with water. The surface energy components
of LCO, Teflon, PEO, water, hexane, and hexadecane are given in Table 3.1.
Initial trials examined the qualitative behavior of Teflon and LCO when placed
at a PEO-hexane interface. After this confirmation of theory, contact angle measure-
ments were made using a AST Video Contact Angle System VCA2000 to quantify
the behavior of PEO and water deposited on LCO submerged in hexane and hex-
Table 3.1: The surface energies of various battery materials.
Table 3.2: Theoretical and experimental contact angles
in the presence of hexane and hexadecane.
for PEO and water on LCO
System PEO-hexane PEO-hexadecane water-hexane water-hexadecane
Ot 139.5 133.1 29.2 21.6
Ge 86.1 79.4 76.2 72.9
adecane. The LCO samples were polished using 1 pm grit, ultrasonicated for half
an hour in acetone at 40 'C, and dried in a oven for > 12 hours to remove water
molecules adhered to the surface, which would modify surface properties. The hex-
ane, hexadecane, and PEO were kept in containers with type 3A Molecular Sieves, to
minimize their water absorption. Three trials were conducted, each testing all four
systems by alternating drops of water and PEO, testing them on the same surfaces
when possible, or on opposite sides of a single sample. After each trial the samples
were ultrasonicated and baked as described.
3.2 Results
The qualitative trials conducted with LCO and Teflon at the hexane/PEO interface
showed that PEO preferentially wets LCO in the presence of hexane, while hexane
preferentially wets PTFE in the same situation. The average contact angles Oefor
the LCO-PEO/water-hexane/hexadecane systems are presented in Table 3.2 along
with the theoretically calculated values Ot. A representative plot of the variation for
one system across one trial is shown in ??. The uncertainty for all contact angle
Material 1 7 w 1 7, 1 y- I
LCO [20] 40.84 0.0008 0.21
Teflon 15.2 0 0
PEG [3] 45.9 0 58.5
Water 21.8 25.5 25.5
Hexane [18] 18.4 0 0
Hexadecane [18] 27.47 0 0
Table 3.3: Calculated values for -LW, 7+, and 7-y in mJ/m2 across three data trials,
along with values reported in literature ([20]). Note that no uncertainties are given
in this table; please see the next section for discussion of the appropriate uncertainty
magnitudes.
Component Reference Trial 1 Trial 2 Trial 3 Average
rLW 40.84 16.6 18.9 21.1 18.35
/+ 0.0008 0.40 0.092 0.042 0.22
,- 0.21 11.4 1.07 1.88 5.82
measurements is ±0.05 degrees. The four systems' contact angles were then used,
three at a time, to solve for the experimental surface energy components of LCO [2].
The resulting ?LW y+, and 7-y for LCO are summarized in Table 3.3.
3.3 Discussion
The results of the qualitative demonstrations, where PEO preferentially wets LCO
but is repulsed by PTFE, are in keeping with PTFE's extremely low surface energy
and lack of polar energy components, so PEO is more attracted to itself than to
either hexane, also nonpolar, or PTFE. The contact angle measurements for the LCO-
PEO-hexane/hexadecane are in both cases lower than the predicted angles, while the
LCO-water-hexane/hexadecane angles are higher, on average. This discrepancy can
not entirely be ascribed to inevitable experimental issues, but several major issues
can be addressed. For example, the contact angle measurements are given to the
nearest tenth of a degree, hence the uncertainty quoted above of ±0.05. This number
is calculated, however, using input from markers placed on the contact angle image
by hand, with the difference in placement of a pixel often changing the calculated
angle by a few degrees. Since the drop outlines the program seeks to follow are often
several pixels thick, this inherent variability suggests that the actual uncertainty in
the contact angle measurements is as high as ±5 degrees. The effect of this variation
on the calculated LCO energies is shown in Table 3.4, where the components have
been calculated for uncertainties of AOe equalling 0.1, 1, and 5 degrees. As can
be seen, the errors range from 5% to 20% of the corresponding values in Table 3.3.
Despite this non-trivial uncertainty, however, it is quite clear that the effective surface
energy of the LCO samples tested in this experiment differ by a significant margin
from those reported in [20]; Y7L w is nearly half of that expected, and -+ is 25 times
as much.
This large deviance from the values reported in [20] is probably not the result
of error or significant change in the materials properties of LCO from one batch to
the next; instead, it is more likely attributable to the differences between the two
experiments. Kyu et al determined the surface tension components of LCO using a
conventional method, measuring the contact angles formed by water, glycerol, and
diiodomethane. This combination of two polar and one nonpolar liquid allows for
the calculation of all three surface tension components. For these latest experiments,
however, a more complicated method involving submerging the LCO in hexane or
hexadecane before observing the contact angle was used. Though the literature sug-
gests [1] that this replacement of vacuum/air with liquid should have no unpredictable
effect on the experiment, the situation is superficially similar to that of a receding
contact angle. Very precise contact angle measurements require the addition and
subtraction of liquid from the drop under observation, and high speed video is used
to verify the contact angle of this dynamic front, which can then be extrapolated
backwards to achieve a true static value. The angles observed as the drop retreats
are invariably lower than this static value, because they are not in contact with the
substrate, they're interacting with the substrate coated in a layer of self-liquid. In
these experiments also, the PEO and water deposited on the LCO surface were not
encountering LCO, but rather LCO covered in hexane and hexadecane. A thin layer,
to be sure. but the characteristic length r0 for van der Waals interactions is only
1.5A, after all. [19]
It is also possible that the discrepancy in surface energy is not entirely due to the
LCO parameters. The values input for PEO are taken from studies conducted using
polymer with a molecular weight of 6,000, far higher than the 300 used here. The
general trend of polymer surface energy with changing molecular weight is that the
Table 3.4: The variation in the calculated energies for different values of contact angle
uncertainty: 0.1, 1, and 5 degrees.
AOe 0.10 10 50
7LW 0.02 0.17 0.94
7+  0.0003 0.004 0.019
7-y 0.034 0.322 1.61
energy goes with (MW)-A [13] for low to mid-range surface energies (MW < 1000)
and (MW) - '1 for heavier polymers [16]; this effect is generally attributed to shorter
chains having more ends that prefer to lie at the surface per unit volume, and the
overall higher proportion of free space that long chains have. This suggests that the
actual parameters for PEO 300 are even higher than those in the literature, which
would make it less likely to spread than higher-weight polymers. Another factor that
is highly likely to modify surface energies is water adsorbed from the atmosphere,
which is inevitable despite the care taken to prevent it. [11] applies the Lifshitz
interaction theory to numerically calculate the change in the Hamaker constant of
graphite as monolayers of water are deposited upon it; after only two layers, it's
fallen to 60% of its original value. This strong effect from a few molecules that are
omnipresent means that efforts to control water adsorption may be more damaging
than not; allowing the surfaces to equilibrate with the atmosphere would allow more
consistent results than samples exposed to an imperfect cleaning.

Chapter 4
Future Work
The choice of experimental systems described in this work was primarily constrained
by the requirement that the liquid introduced to encourage PEO to wet LCO not
dissolve PEO, so a distinct contact angle could be observed. To fully exploit the
surface forces described in Chapter 2, materials with both polar and apolar energy
components are clearly more effective than only apolar materials with similar mag-
nitude; unfortunately, two materials with polar components will generally mix, with
the driving of one material to the substrate surface occurring on a molecular level
rather than the easily examined coherent surface drop behavior of immiscible liquids.
The resulting lack of a measurable contact angle requires more indirect methods to
test for even layer formation. A scanning electron microscope, for example, would be
able to examine a cross section of a sample before and after its immersion in a solu-
tion of polymer and solvent and characterize the resulting film's thickness. To test
for pinholes and insulation, assembling a coated sample between two electrodes and
taking an impedance spectrum to compare to that of bare LCO is one possibility. Of
course, the ultimately definitive test is to complete the battery assembly with some
Li foil and checking that it displays appropriate open-circuit voltage (Vo, = 4.2V for
the best lithium ion cells) and charge-discharge curves.
The values for LCO determined in this paper, though they differ significantly from
those reported previously in the literature, should provide some guidance for future
research using this approach to predicting self-assembled systems. Using these new
values and the expression for Gikj to roughly determine whether two materials will be
attracted or repulsed in the presence of a third material, the combination of polyacry-
lonitrile and chloroform, for example, should spontaneously deposit polyacryonitrile
on an LCO surface. In general, since common electrolyte polymers are monopolar
with medium to high -y+ , solvents successful in wetting them should be moderately
high in ý- to fully take advantage of this. Unfortunately, many polymers have such
high surface energies, and LCO has relatively low ones, so finding a third material
capable of encouraging wetting is somewhat difficult. This approach certainly has po-
tential, however, to reliably produce robust microbattery electrolyte films, and merits
further research to more carefully investigate the minimization of contaminants and
better exploit the polar interactions present.
Chapter 5
Conclusion
This project sought to create a self-assembled conformal layer of a polymer electrolyte,
poly(ethylene oxide), onto a substrate of lithium cobalt oxide, in the interests of
creating a lithium ion microbattery. To verify that surface interaction theories could
adequately describe these reactions, several systems were tested, with PEO or water
being introduced to LCO in the presence of hexane or hexadecane. The contact angles
produced by these systems was then analyzed and found to differ significantly from
those predicted; they were then used to derive 18.3 ± 1 mJ/m2, 0.22 ± 0.02 mJ/m2 ,
and 5.8 ± 1.6 mJ/m2 for the surface energy components of LCO. These were found
to differ from the previously published values for -LW, 7y+ and 7-, 40.8 mJ/m2,
0.0008 mJ/m2 , and 0.21 mJ/m2, respectively. This discrepancy is probably due to a
combination of factors, including a higher than expected uncertainty on the contact
angle data, significant differences in the contact angle measuring method, and the
likely adsorption of water and other contaminants onto the LCO surface.
The construction of lithium ion microbatteries poses several specific challenges
that can potentially be solved using self-assembling wetting technology. To properly
take advantage of this phenomenon, accurate surface energy data is crucial for pre-
dicting the behavior of different materials. Unfortunately, the procedure for acquiring
surface energy data is not highly developed, resulting in a reliance on measurements
that inherently contain a significant amount of uncertainty. Along with the persistent
threat of contamination from foreign molecules, this renders attempts to quantify the
surface energy of materials somewhat difficult. Nevertheless, future experiments in
this field will hopefully be successful in their applications of intermolecular interaction
theory.
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